The effect in rabbits of giving isonitrogenous purified diets containing casein, ovalbumin, fish protein, milk-whey protein and soya-bean protein were compared. The diets were balanced for cholesterol and for the amount and type of fat. When incorporated into low-cholesterol diets (0.08 g cholesterol/kg), casein, ovalbumin and soya-bean protein produced similar levels of serum cholesterol. With a high background of dietary cholesterol (1.5 g/kg), serum cholesterol concentrations increased with soya-bean protein, whey protein, casein and fish protein, in that order. Thus, the hypercholesterolaemic effect of casein in carefully balanced diets was only seen against a high-cholesterol background. The development of hypercholesterolaemia produced by giving fish protein was different from that produced by casein. First, less cholesterol accumulated in the very-low-density-lipoprotein fractions and more in the lipoproteins of higher density with fish protein than with casein. Second, fish protein, unlike casein, did not increase liver cholesterol. Third, transfer of rabbits from a diet containing soya-bean protein to one containing casein resulted in an immediate marked depression in neutral steroid and bile acid excretion in faeces. However, when rabbits were fed on the diet with fish protein after the diet with soya-bean protein, there was no significant depression in neutral steroid output and the depression in bile acid output was delayed. The present study suggests that different animal proteins cause hypercholesterolaemia by different mechanisms.
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Dietary protein: Cholesterol metabolism : Rabbit -Numerous reports have demonstrated that the nature of the protein in the diet can influence the concentration of cholesterol in serum (Gibney & Kritchevsky, 1983) . Experiments carried out using animals (Carroll, 1978; Kuyvenhoven et ul. 1986) or humans (Sirtori et ul. 1977) have indicated that plant proteins, particularly soya-bean protein, tend to exert a hypocholesterolaemic effect whereas animal proteins such as casein tend to be hypercholesterolaemic. We have proposed ) the following cascade of events when rabbits are transferred from a diet containing the hypocholesterolaemic protein, soya-bean protein, to one containing the hypercholesterolaemic protein, casein. The initial effect is an incrcased influx of cholesterol and bile acids from the intestine into the liver (Huff & Carroll, 1980) which produces the observed increase in the hepatic intracellular cholesterol concentration of rabbits ). The liver responds by decreasing the number of low-density-lipoprotein (LDL) receptors (Sirtori et ul. 1984) . This is reflected in an increase in serum LDL cholesterol followed by an increase in the concentration of serum very-low-density-lipoprotein (VLDL) cholesterol (Scholz et al. 1982) .
However, little is known about the development of hypercholesterolaemia with other Table 1 .
Composition of the diets
Low-cholesterol diets 
Ingredients (g/kg)
__ (Carroll & Hamilton, 1975; Hamilton & Carroll, 1976) but it is not known whether the mechanisms involved are similar. One of the problems in interpreting earlier experiments is that the proportions of constituents in the protein preparations other than the proteins under study were often not the same in the diets used. Therefore, we have examined the effect of giving carefully balanced diets to rabbits on their serum cholesterol levels. The effects of the animal proteins ovalbumin, fish protein and whey protein have been compared with the most commonly studied hypercholesterolaemic protein, casein, and the hypocholesterolaemic protein, soya-bean protein. In order to obtain some insight into the mechanisms involved in the effects of the various dietary proteins on cholesterol metabolism, the distribution of cholesterol among serum lipoprotein fractions, the concentration of cholesterol in liver and the excretion of neutral steroids and of bile acids have been studied.
MATERIALS AND METHODS

Diets
In order to make the various diets isonitrogenous and balanced for specified constituents, the protein preparations were first analysed for nitrogen by using the Kjeldahl method, for cholesterol by using gas-liquid chromatography (GLC) as described later and for fat after extraction with chloroform and methanol (Folch et al. 1957) . Since the protein preparations were found to contain either low (< 0.3 g/kg) or high (up to 6.5 g/kg) amounts of cholesterol, it was decided to formulate diets containing either a low (80 mg/kg feed) or high level of cholesterol (1 500 mg/kg feed). The low-cholesterol diets contained soya-bean protein, casein or ovalbumin as protein source while the high-cholesterol diets contained soya-bean protein, casein, fish protein or whey protein. The diets were carefully balanced not only for cholesterol but also for protein N, energy and the amount and type of fat (Table 1) .
Animals and experimental procedures
For this investigation, fifty-six male specified-pathogen-free rabbits (Broekman Institute, Helmond, The Netherlands) of the New Zealand White strain were used. They were housed individually in cages with plastic floors and round holes in a room with controlled lighting (14 h/d) and constant temperature (18") and relative humidity (60 %). On arrival the animals, aged about 9 weeks, were fed on a commercial pelleted non-purified rabbit diet (Hope Farms, Woerden, The Netherlands) for 2 weeks. The rabbits were then provided with a low-cholesterol purified diet containing soya-bean protein for 4 weeks. Subsequently (day 0 of the experiment), they were divided into seven dietary groups (see Table l ), each comprising eight rabbits, on the basis of their serum cholesterol concentrations and bodyweights.
Feed was provided each day at 09.00 hours on a restricted basis (70 g/d) and most animals consumed their food before 16.00 hours. Water was provided ad lib. The animals were weighed weekly. Rabbits were bled between 08.00 and 10.00 hours after the removal of any remaining feed at 16.00 hours the previous day. Animals were bled on days, 2, 5, 8, 15, 22 and 29 of the experimental period. Blood samples (1.0 ml approx) were taken from a marginal ear vein into tubes which contained no anticoagulant. After clotting at room temperature for at least 1 h, serum was prepared by low-speed centrifugation in a cold room. After being given the various experimental diets for 29 d, the animals were killed by cervical dislocation, and livers were rapidly excised and weighed with portions being taken for analysis. Statistical significance, at the P < 0.05 level, using the Student-Newman-Keuls test after logarithmic transformation because the variance was not constant until after transformation. The following were significantly different.
(1) Different from the low-cholesterol soya-bean protein diet: high-cholesterol diets containing casein from 2 d, containing fish protein or whey protein from 5 d, and containing soya-bean protein from 8 d.
(2) Different from the high-cholesterol soya-bean protein diet: high-cholesterol diets containing fish protein from 5 d, and containing casein or whey protein from 8 d.
(3) Different from the high-cholesterol fish protein diet: high-cholesterol diets containing casein from 15 d, and containing whey protein from 22 d.
Chemical analyses of serum and liver lipids
The concentration of cholesterol in serum was measured enzymically (Roschlau et al. 1974 ) using a kit (Monotest) supplied by Boehringer Mannheim GmbH (Mannheim, FRG). Three calibrated sera with low, medium and high cholesterol concentrations were used as cholesterol standards. The cholesterol concentrations of these standard sera were determined by the method of Abell et al. (1952) . The lipoproteins in pooled samples of serum from each of the dietary groups were separated by ultracentrifugation using a method ) based on that of Redgrave et al. (1975) to isolate single lipoprotein classes. Since the lipoprotein density profile in rabbit serum differs from that in human serum which is generally used as reference , we Statistical significance using the Student-Newman-Keuls test after logarithmic transformation based on the estimation of variation coefficients derived as described on pp. 478 and 480. The following were significantly different.
C H O L E S T E R O L A E M I C R E S P O N S E TO P R O T E I N
(1) Different from the soya-bean protein diet: VLDL, casein diet at 29 d ( P < 0.05); LDL,, fish-protein diet at 22 and 29 d ( P < 0.01), whey-protein diet ( P < 0.05) and casein diet ( P < 0.01) at 29 d ; and LDL,, fish-protein diet at 22 and 29 d (P < 0.01), whey-protein diet at 29 d ( P < 0.01).
(2) Different from the casein diet: LDL,, fish-protein diet at 29 d ( P < 0.01).
(3) Different from the whey-protein diet: LDL,, fish-protein diet at 22 and 29 d ( P < 0.01); and HDL,, fishprotein diet at 22 d (P < 0.01) and 29 d (P < 0.05).
used a modified scheme with narrower density (d; g/ml) classes : very-low-density lipoprotein (VLDL, d < 1.006), intermediate-density lipoproteins 1 and 2 (IDL, + IDL,, 1.006 < d < 1.019), low-density lipoprotein 1 (LDL,, 1.019 < d < 1.040), low-density lipoprotein 2 (LDL,, 1.040 < d < 1.063), high-density lipoprotein 1 (HDL,, 1.063 < d < Mean levels were significantly different (using the Student-Newman-Keuls test after logarithmic transformation of the data): * from the high-cholesterol, soya-bean-protein diet (P < 0.05); t from the high-cholesterol, fishprotein diet (P < 0.05).
$ For details of diets, see Table 1. 1.125), high-density lipoprotein 2 (HDL,, 1.125 < d < 1.210). The content of cholesterol in each lipoprotein fraction was determined as described above for serum. The cholesterol content of liver was determined by the method of Zlatkis et al. (1953) following lipid extraction (Folch et al. 1957) .
Analysis of neutral steroids and bile acids in faeces Pooled samples of faeces excreted over a 24 h period, were collected on blood-sampling days (2, 5, 8, 15, 22 and 29) . Faeces were freeze-dried and homogenized using a coffee grinder and then extracted, and neutral steroids and bile acids were determined by gas-liquid chromatography and enzymically respectively as described earlier . 1989) .
Statistical analysis
The statistical significance of differences was analysed by using the Student-Newman-Keuls test in order to reduce the possibility of chance differences with multiple comparisons (Miller, 1966) . When the variance was not constant, the test was applied after log transformation of the results. For the determination of lipoprotein-cholesterol concentrations and the excretion of neutral steroids and of bile acids, only pooled samples of serum and faeces respectively were analysed. This allows a good estimate to be made of group means under the influence of diet, but not of the variation. However, the experimental design and purified diets, type of rabbits and analytical methods were very similar to those in experiments carried out in this laboratory previously (Beynen et al.cl For details of diets, see Table 1 . variation coefficients derived as described on pp. 478 and 480 (Student-Newman-Keuls test after logarithmic transformation): 
M A R I A R. L O V A T I A N D O T H E R S
concentrations and the excretion of neutral steroids and of bile acids were estimated from these experiments. This procedure of estimating variation coefficients for pooled samples has been employed earlier by Brussaard et al. (1983) . The square root of the mean of the squared individual variation coefficients of lipoprotein-cholesterol concentrations for two dietary groups each of nine rabbits were: VLDL 0.75, IDL, + IIIL, 0.89, LDL, 039, LDL, 0.57, HDL, 0.65, HDL, 0.26. For faecal steroid excretion, the value was 0.27 in both cases for eight dietary groups with each group having comprised eight or nine rabbits (range: neutral steroids 0.1 3-0.39, bile acids 0.1 8-0.34). This procedure should not be used when the differences observed are minimal. However, it can be justified here because the differences in results obtained with fish protein and casein, which provide the primary message in this paper, were quite marked.
R E S U L T S
At the end of the pre-experimental period, body-weights of the rabbits fed on the soya-bean protein diets averaged 2527 (SE 19) g (n 56) and during the experimental period of 29 d, the growth rates of the rabbits in the seven groups were similar, i.e. 12 (SE I ) g/d.
Serum cholesterol concentrations throughout the experiment are shown in Fig. 1 . In rabbits fed on the low-cholesterol diets (with soya-bean protein, casein or ovalbumin), serum levels of cholesterol did not increase significantly from the initial value throughout the experimental period. Although cholesterol levels tended to rise when casein was given and fdll when soya-bean protein was given, differences between the groups were not significant (casein: baseline 1.88 (SE 0.23) and final 2.40 (SE 0.40) mmol/l; soya-bean protein: baseline 1.89 (SE 0.24) and final 1.59 (SE 0.26) mmol/l).
In contrast, rabbits transferred to diets with a high cholesterol content were far more sensitive to the variation in dietary protein. Serum cholesterol (Fig. 1) showed a significant rise after 2 d on the casein diet and after 5 d on the fish-protein and whey-protein diets. On the 15th and 22nd days, serum cholesterol concentrations of the rabbits fed on the fishprotein diet were significantly higher than those of rabbits fed on the casein and wheyprotein diets respectively. This trend continued throughout the experiment, reaching final levels of 14.3 (SE 1.5) mmol/l for fish protein, 10-4 (SE 1.5) for casein, 8-0 (SE 1.0) for whey protein and 4.4 (SE 0.4) mmol/l for soya-bean protein.
The distribution of cholesterol among the various lipoprotein fractions of the rabbits fed on high-cholesterol diets is shown in Fig. 2 . Values for animals fed on low-cholesterol diets are not shown because there was little change throughout the experiment. There were marked differences between the lipoprotein distribution in the rabbits fed on the fishprotein diet and the distribution in those fed on the casein diet. When animals were fed on the casein diet, the concentration of cholesterol increased in the LDL, fraction within days and plateaued towards the end of the experimental period (P < 0.01 at 29 d compared with the soya-bean protein diet). The concentration in the VLDL fraction increased throughout the experiment ( P < 0.05 at 29 d compared with the soya-bean protein diet). When the rabbits were fed on the fish-protein diet, there was also a marked initial rise in LDL,-cholesterol. However, in contrast to the animals fed on casein, there were simultaneous increases in cholesterol in the heavier lipoprotein fractions, especially LDL, ( P < 0.01 at 22 and 29 d) compared with the soya-bean protein diet. There was no significant increase in the amount of cholesterol transported in the VLDL fraction.
The cholesterol content of the livers on day 29 of the experiment is presented in Table  2 . With the low-cholesterol diets, the rabbits given casein tended to have (non-significant) higher liver cholesterol contents than their counterparts given soya-bean protein, but the difference was more pronounced and also significant when ovalbumin was the protein source. When animals were fed on the high-cholesterol diets, the liver weight and concentration of liver cholesterol were higher than in animals fed on the low-cholesterol diets. There was also a marked significant difference between the cholesterol content of the liver of the rabbits fed on the high-cholesterol diet containing casein compared with their counterparts fed on soya-bean protein. The rabbits fed on whey protein had intermediate liver cholesterol levels when compared with the rabbits given soya-bean protein or casein, as would be expected from the levels of serum cholesterol. Surprisingly, the concentration of cholesterol in the livers of rabbits given fish protein was not different from that of the rabbits given soya-bean protein, even though fish protein produced markedly elevated levels of serum cholesterol.
The excretion of neutral steroids and of bile acids at various times after the rabbits were transferred to the different protein diets is shown in Table 3 . Giving casein produced a marked (approximately 40 YO) and dramatic decrease in neutral steroid excretion from animals fed on the high-cholesterol diet and this effect was maintained over the entire 29 d period of the experiment. When animals were fed on the low-cholesterol diet containing casein, the depression in neutral steroid excretion was less marked and the effect of giving ovalbumin was somewhat similar (the values for the excretion of both neutral steroids and bile acids after being fed on the ovalbumin diet for 2 d appear to be aberrantly high). For animals fed on the high-cholesterol diet, giving whey protein reduced the excretion of neutral steroids immediately but the effects were less pronounced than with casein. Fish protein also tended to reduce the excretion of neutral steroids but the effect was not as great as one would expect from the increase in serum cholesterol levels.
The pattern of bile acid excretion showed a number of interesting features. When casein was given in either high-cholesterol or low-cholesterol diets, there was an immediate decrease in bile acid excretion, the greatest effect being seen with the high-cholesterol diets. When the other proteins (ovalbumin, fish protein and whey protein) were given, bile acid excretion was reduced but the effect was more gradual.
DISCUSSION
In the present study, the cholesterolaemic effect of each protein was evaluated using experimental diets carefully balanced for protein content (isonitrogenous), cholesterol content and fat composition. Under these conditions, casein did not produce an elevation in serum cholesterol levels in the rabbits fed on the low-cholesterol diet (Fig. 1) . This is in contrast with the results of studies reported earlier from our laboratory (e.g. Scholz et al. 1982; Kuyvenhoven et al. 1986) and from other laboratories (e.g. Carroll, 1978; Gibney & Kritchevsky, 1983) in which the diets were not as carefully balanced as they were in the present experiment. Preparations of casein always contain cholesterol and a small quantity of saturated fat, while soya-bean protein preparations contain no cholesterol and a small quantity of linoleic acid-rich fat. Serum cholesterol concentrations in rabbits are particularly sensitive to the amount of dietary cholesterol (Beynen et al. 1983 b) and to the nature and quality of fat in the diet (Carroll, 1971 ; Beynen &West, 198 1) . When the rabbits were fed on the high-cholesterol diet, casein did produce a more pronounced hypercholesterolaemia than did soya-bean protein, again emphasizing the influence of other components in the diet on the manifestation of the differential cholesterolaemic effect of dietary proteins.
It was interesting to observe that fish protein incorporated into a high-cholesterol diet produced the most severe hypercholesterolaemia of all the proteins studied. The fish protein diet was found on analysis to contain slightly more cholesterol than the other highcholesterol diets (Table 1) . Perhaps this somewhat amplified the difference in serum total cholesterol concentrations compared with the other dietary groups. However, in the rabbits fed on fish protein, unlike those fed on casein, liver cholesterol concentrations were similar to those of rabbits fed on the soya-bean protein diet. It can be concluded that the mechanism by which dietary fish protein produces elevated serum cholesterol concentrations is different from the mechanism associated with casein-induced hypercholesterolaemia. This is also borne out by the lipoprotein pattern noted during the development of the hypercholesterolaemia produced by casein and fish protein. In keeping with earlier studies (Scholz et al. 1982) , feeding with casein resulted first in an increase in cholesterol in serum in the LDL, fraction and ultimately in the VLDL fraction. In contrast, with fish protein the initial increase was also in heavier lipoproteins (HDL, and LDL,) . At the end of the experiment, after 29 d of consuming the diets containing the various proteins, there tended to be less cholesterol in the VLDL fraction and more cholesterol in the HDL,, LDL, and LDL, fractions of animals fed on the fish-protein diet compared with those fed on the casein diet. The difference for LDL, cholesterol was significant (P < 0.01).
The observed difference in lipoprotein pattern between rabbits fed on diets containing casein and fish protein could arise from differences in the mode or rate of lipoprotein uptake or secretion by the liver, or both, and is possibly related to the differences in the content of cholesterol in the liver. Our studies have shown that the binding of apoprotein B-containing /3-VLDL particles to liver membranes of rats is decreased when donor animals were fed on a casein diet rich in cholesterol (Sirtori et al. 1984) , while other studies have shown that rabbits fed on a cholesterol-free diet containing casein have a significantly smaller number of LDL receptors on liver membranes than their counterparts fed on a commercially available rabbit diet (Chao et al. 1982) . It is tempting to suggest that the increase in hepatic cholesterol concentration in casein-fed rabbits is responsible for this regulation of LDL receptors as this would explain the initial accumulation of LDLcholesterol in rabbits transferred to a casein-containing diet. Giving fish protein in a highcholesterol diet does not result in increased hepatic cholesterol concentrations or in accumulation of cholesterol in VLDL. This is unlike the effect not only with casein in a high-cholesterol diet but also of other diets rich in cholesterol (Wissler 62 Vesselinovitch, 1968; Wilson et al. 1973) . Thus, it is unlikely that the consumption of fish protein results in down regulation of hepatic lipoprotein receptors.
As far as hepatic secretion of lipoproteins is concerned, there is evidence from rat studies that casein induces increased secretion of cholesterol and of apoprotein A, (Sugano et al. 1982a, 6) but not of apoprotein B in VLDL (Cohn et al. 1984) . No satisfactory experiments have been carried out with fish protein . Iritani et al. (1985) did not find an enhanced turnover of [14C]cholesterol in rats fed on fish protein, but this may have been due to the presence of large amounts of fish oil in the diet, because the concentration of serum cholesterol in the rats fed on a fish protein diet was lower than in those fed on a soyabean protein diet. Since the concentration of cholesterol in the liver is not increased by dietary fish protein, it is tempting to suggest that the remarkable distribution of cholesterol among lipoproteins produced by giving a diet containing fish protein is a result of changes in extrahepatic lipoprotein metabolism. Two hypotheses can be proposed to explain this phenomenon. First, since rabbits, like humans, have an active mechanism for transferring core lipids between lipoproteins (Barter & Lally, 1978) , the increased levels of HDLcholesterol may be indicative of inhibition of cholesterol transfer from HDL to LDL. Second, stimulation of lipoprotein lipase (EC 3.11 .34) when fish protein is given could also explain the comparative reduction in VLDL-cholesterol concentrations and the increase in concentrations of HDL-cholesterol (Nikkila, 1978) . Such a stimulation could be brought about by an increase in the insulin : glucagon ratio (Robinson 62 Wing, 1971) . Amino acids derived from soya-bean protein and casein have been postulated to play a role in the regulation of insulin and glucagon secretion (Sugano et al. 1982a, h) .
The hypercholesterolaemia induced by giving casein in a high-cholesterol diet results
